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ABSTRACT
We investigate the impact of the existence of a primordial magnetic field on the filter
mass, characterizing the minimum baryonic mass that can form in dark matter (DM)
haloes. For masses below the filter mass, the baryon content of DM haloes are severely
depressed. The filter mass is the mass when the baryon to DM mass ratio in a halo is
equal to half the baryon to DM ratio of the Universe. The filter mass has previously
been used in semianalytic calculations of galaxy formation, without taking into account
the possible existence of a primordial magnetic field. We examine here its effect on
the filter mass. For homogeneous comoving primordial magnetic fields of B0 ∼ 1 or
2 nG and a reionization epoch that starts at a redshift zs = 11 and is completed
at zr = 8, the filter mass is increased at redshift 8, for example, by factors 4.1 and
19.8, respectively. The dependence of the filter mass on the parameters describing
the reionization epoch is investigated. Our results are particularly important for the
formation of low mass galaxies in the presence of a homogeneous primordial magnetic
field. For example, for B0 ∼ 1 nG and a reionization epoch of zs ∼ 11 and zr ∼ 7, our
results indicate that galaxies of total mass M ∼ 5× 108M⊙ need to form at redshifts
zF & 2.0, and galaxies of total mass M ∼ 10
8M⊙ at redshifts zF & 7.7.
Key words: galaxies: formation, haloes – magnetic fields – large scale structure of
Universe
1 INTRODUCTION
The formation of galaxies is one of the most important areas
in cosmology. Within the simplified hierarchical scenario of a
Universe governed by a cosmological constant and cold dark
matter (DM), the density profiles of forming DM haloes have
been well characterized. Numerical calculations show that
the first generation of galaxies formed at very high redshifts
inside collapsing haloes starting at z ∼ 65, corresponding to
high peaks of the primordial DM density field (Naoz et al.
2006). CMB observations suggest that reionization began at
high redshifts. This means that a high abundance of lumi-
nous objects must have existed at that time, since these first
luminous objects are expected to have heated and reionized
their surroundings (Barkana & Loeb 2001; Wyithe & Loeb
2003; Haiman & Holder 2003; Cen 2003).
The formation of a luminous object inside a halo neces-
sarily requires the existence of baryonic gas inside the halo.
Even in haloes that are too small for cooling via atomic hy-
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drogen, the gas content can have substantial, and observable,
astrophysical effects. In addition to the possibility of hosting
astrophysical sources, such as stars, small haloes may pro-
duce a 21-cm signature (Kuhlen et al. 2006; Shapiro et al.
2006; Naoz & Barkana 2008; Furlanetto & Oh 2006), and
can block ionizing radiation and produce an overall delay in
the global progress of reionization (Barkana & Loeb 2002;
Iliev et al. 2003, 2005; McQuinn et al. 2007).
As shown by Gnedin (2000) and Gnedin & Hui (1998),
both in the linear and non-linear regimes, the accretion of
gas into DM haloes is suppressed below a characteristic mass
scale called the filter mass, MF . This mass scale coincides
with the Jeans mass,MJ , if the latter does not vary in time.
Otherwise, MF is a time average of MJ . Thus, an increase
in the ambient pressure in the past, causes an increase in
MJ and suppresses the accretion of baryons into DM haloes
in a cumulative fashion, producing an increase in MF .
Until now, studies focused on the UV heating of the
neutral interstellar gas as the main source of pressure, for
determining the filter mass. These results are widely used in
many semianalytic models (e.g. Maccio` et al. 2009), particu-
larly those designed to study the properties of small galaxies
(due to the high redshift character of the UV heating).
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In this paper we add the effect of a possible homoge-
neous primordial magnetic field as another important source
of ambient pressure. The magnetic field contributes to pres-
sure support, which changes the Jeans mass and, conse-
quently, the filter mass and the quantity of gas that is ac-
creted by DM haloes.
The paper is organized as follows. In section 2 we briefly
review our knowledge about primordial magnetic fields and
in section 3 we present our results, calculating the filter mass
with a Jeans mass corrected for the presence of a primordial
magnetic field. Finally, in section 4, we present our conclu-
sions.
2 PRIMORDIAL MAGNETIC FIELDS
The origin of large-scale cosmic magnetic fields in galax-
ies and protogalaxies remains a challenging problem in as-
trophysics (Zweibel & Heiles 1997; Kulsrud & Zweibel 2008;
de Souza & Opher 2008, 2010; Widrow 2002). Understand-
ing the origin of the structures of the present Universe re-
quires a knowledge of the origin of magnetic fields. The mag-
netic fields fill interstellar and intracluster space and affect
the evolution of galaxies and galaxy clusters. There have
been many attempts to explain the origin of cosmic magnetic
fields. One of the most popular astrophysical theories for
creating seed primordial fields is that they were generated
by the Biermann mechanism (Biermann 1950). It has been
suggested that this mechanism acts in diverse astrophysi-
cal systems, such as large scale structure formation (Peebles
1967; Rees & Reinhardt 1972; Wasserman 1978), cluster of
galaxies (Lagana´ et al. 2010), cosmological ionizing fronts
(Gnedin 2000), gamma ray bursts (de Souza & Opher 2010),
star formation and supernova explosions (Hanayama et al.
2005; Miranda et al. 1998). Another mechanism for creating
cosmic magnetic fields was suggested by Ichiki et al. (2006).
They investigated the second-order couplings between pho-
tons and electrons as a possible origin of magnetic fields
on cosmological scales before the epoch of recombination.
Studies of magnetic field generation, based on cosmological
perturbations, have also been made (Takahashi et al. 2005,
2006; Clarke et al. 2001; Maeda et al. 2009).
In our galaxy, the magnetic field is coherent over kpc
scales with alternating directions in the arm and inter-
arm regions (e.g.,Kronberg 1994; Han 2008). Such alterna-
tions are expected for magnetic fields of primordial origin
(Grasso & Rubinstein 2001).
Various observations put upper limits on the intensity
of a homogeneous primordial magnetic field. Observations
of the small-scale cosmic microwave background (CMB)
anisotropy yield an upper comoving limit of 4.7 nG for a ho-
mogeneous primordial field (Yamazaki et al. 2006). Reion-
ization of the Universe puts upper limits of 0.7 − 3 nG for
a homogeneous primordial field, depending on the assump-
tions of the stellar population that is responsible for reion-
izing the Universe (Schleicher et al. 2008).
De Souza & Opher (2008) suggested that the fluctua-
tions of the plasma predicted by the Fluctuation Dissipation
Theorem after the quark-hadron transition (QHT) is a nat-
ural source for a present primordial magnetic field. They
evolved the fluctuations after the QHT to the present era
and predict a present cosmic inhomogeneous web of primor-
dial magnetic fields and not a homogeneous one. The effect
of this cosmic web of magnetic fields on galaxy formation
will be investigated in a future article.
3 FILTER MASS
In linear theory the filter mass, MF , first defined by
Gnedin & Hui (1998), describes the highest DM mass scale
for which the baryon accretion is suppressed significantly.
As shown by Gnedin & Hui, there is a characteristic length
scale, called the filtering scale, over which the baryonic per-
turbations are smoothed as compared to the dark matter
ones. The filtering scale is (characterized by the wavenum-
ber kF ) defined as (see also, Naoz & Barkana 2006)
δb
δtot
= 1− k
2
k2F
, (1)
where δb is the density contrast of baryonic matter and δtot,
the total density contrast. For k comparable to kF , the den-
sity contrast δb is severely depressed.
Following Gnedin (2000), we can relate the comoving
wavenumber associated with this length scale with the Jeans
wavenumber by the equation
1
k2F (a)
=
3
a
∫ a
0
da′
k2J (a
′)
[
1−
(
a′
a
) 1
2
]
(2)
where a flat matter dominated universe is assumed. In the
case with no magnetic fields kJ can be written as
kJ =
(
4piGρ
c2s
)1/2
, (3)
where cs is the sound velocity of the medium. We see that,
as mentioned above, the overall suppression of the growth of
baryonic density perturbations depends on a time-average of
the Jeans scale. By translating the length scales into mass
scales, we can then define the Jeans mass and filter mass,
MJ ≡
4pi
3
ρ¯
(
2pia
kJ
)3
and MF ≡
4pi
3
ρ¯
(
2pia
kF
)3
. (4)
From these definitions and equation 2, we can write,
M
2
3
F =
3
a
∫ a
0
da′ M
2
3
J (a
′)
[
1−
(
a′
a
) 1
2
]
. (5)
A very important result, obtained by Gnedin (2000),
through the study of cosmological hydrodynamical simula-
tions, is that the filter mass still characterizes the scale of
suppression of the formation of baryonic structures even in
the nonlinear regime. Namely, they found that the filter mass
corresponds to the characteristic halo mass where the halo’s
baryonic gas fraction is approximately 50% of the cosmic
baryon fraction.
A simple way to take into account the effects of the
magnetic field on the filter mass, is the generalization of
equation (4), replacing equation (3) by
kJB =
(
4piGρ
c2s + v
2
A
)1/2
, (6)
where vA is the Alfven velocity B/
√
4piGρ.
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The Jeans mass of a plasma, subject to magnetic pres-
sure, is then given by
MJ =
√
3
4piG3ρ0
(
B2
4piρ0
+
3
2
kBT
mHµ
)3
, (7)
where ρ¯ is the mean matter density,mH the mass of a hydro-
gen atom, µ the mean molecular weight and kB the Boltz-
mann constant.
This expression generalizes previous calculations of the
Jeans mass which only considered its limiting cases: B → 0,
the usual Jeans mass (e.g. Padmanabhan 2002), or T → 0,
the magnetic Jeans mass (e.g. Tashiro & Sugiyama 2005).
Substituting numerical values and explicitly writing the
dependence on cosmological parameters,
MJ =
(
2.7× 104 M⊙
)
(1 + z)−3/2
(
Ωmh
2
0.133
)−1/2
× (8)
×
[
T (z) + 38 (1 + z)
(
B0
2 nG
)2 (
Ωmh
2
0.133
)−1]3/2
,
where B0 is the comoving magnetic field and h is the hubble
parameter (H0 = 100 h km s
−1 Mpc−1).
It is to be noted that after the recombination era,
when the cosmic microwave background was formed, and be-
fore the reionization epoch, although the medium was cold,
the Universe had a degree of ionization sufficiently high,
xe ∼ 10−4, to couple magnetic fields to the medium (e.g.,
Padmanabhan 2002). This can be understood as follows. In
the presence of a magnetic field, the velocity of ions coupled
to the magnetic field (and the relative velocity between ions
and neutrals) becomes almost the Alfven velocity, which is
1000 times larger than the thermal velocity of the ions. Be-
cause of this, the time scale of the interaction between ions
and neutrals becomes 1000 times shorter and never exceeds
the Hubble time before reionization, for the degree of ion-
ization cited above (e.g. Tashiro & Sugiyama 2005). Thus,
a primordial magnetic field was coupled with the medium
even before the epoch of reionization.
Having an expression for the Jeans mass that takes into
account the primordial magnetic field, we need to know the
evolution of the temperature of the gas with redshift. We
use the analytic fit of the temperature as a function of red-
shift that Kravtsov et al. (2004) obtained for the results of
Gnedin (2000) :
T (a) =


(104 K)
(
1+zs
1+z
)α
, z > zs
104 K , zs > z > zr
(104 K)
(
1+z
1+zr
)
, z < zr
(9)
where z > zs is the epoch before the first Hii regions form,
zr 6 z 6 zs is the epoch of the overlap of multiple Hii
regions and z < zr is the epoch of complete reionization.
Kravtsov et al. (2004) used zs ≈ 8 and zr ≈ 7 and α ≈ 6.
In this paper we also use α = 6.
We use equations (7) and (9) in (5) and calculate the
effect of a homogeneous magnetic field on the filter mass.
The result is shown in figure 1, for zs = 11 and zr = 8.
The presence of a homogeneous magnetic field, even for
small intensities, significantly increases the filter mass. We
notice that more intense primordial magnetic fields cause a
smaller variation of the filter mass with redshift. This last
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Figure 1. Variation of the filter mass with redshift and magnetic
field for zs = 11 and zr = 8. From top to bottom: the thick (green)
curve corresponds to B0 = 0nG; the dashed (dark-green) curve,
to B0 = 0.5 nG; the dash-dotted (blue) curve, to B0 = 1.0 nG; the
dotted (dark-blue) curve, to B0 = 1.5 nG, and the thin (black)
curve, to B0 = 2nG.
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Figure 2. Dependence of the filter mass on the choice of zs
(with fixed zr = 8). From top to bottom: the thin (gray) curve
corresponds to B0 = 2nG and zs = 12; the dotted (dark-red)
curve, to B0 = 2nG and zs = 10; the dash-dotted (red) curve,
to B0 = 1nG and zs = 12; the dashed (orange) curve, to
B0 = 1nG and zs = 10; the continuous (dark-yellow) curve, to
B0 = 0nG and zs = 12, and the thick (yellow) curve corresponds
to B0 = 0nG and zs = 10.
result is expected since, for a homogeneous magnetic field,
under the assumption of flux conservation, the magnetic part
of equation (7) is independent of redshift, i.e.(
M
2
3
J
)
mag
∝ B
2
ρ4/3
∝ (1 + z)0 . (10)
The increase in the filter mass leads to less accretion of
gas in the smaller haloes, making it more difficult to form
small galaxies. The increase at high redshifts is particularly
important since this is the epoch of the formation of galaxies.
We also investigated the dependence of MF on zs and
zr. Our results are shown in figures 2 and 3, respectively.
From figure 2, with zr = 8, it can be seen that changes
in zs (the parameter which marks the begining of the reion-
ization era) only shifts the high-z end of the filter mass
curve, without modifying the low-z behaviour.
c© 2010 RAS, MNRAS 000, 1–5
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Figure 3. Dependence of the filter mass on the choice of zr (with
fixed zs = 11). From top to bottom: the thin (gray) curve corre-
sponds to B0 = 2nG and zr = 6; the dotted (dark-red) curve, to
B0 = 2nG and zr = 9; the dash-dotted (red) curve, to B0 = 1nG
and zr = 6; the dashed (orange) curve, to B0 = 1nG and zr = 9;
the continuous (darkyellow) curve, to B0 = 0nG and zr = 6, and
the thick (yellow) curve corresponds to B0 = 0nG and zr = 9.
The effect is, however, much smaller than the increase
due to the increase of the primordial magnetic field.
4 CONCLUSIONS
The Jeans mass was modified in order to account for the
presence of a homogeneous primordial magnetic field. We
then calculated the implications on the modification of the
filter mass.
The modification leads to a significant increase in the
filter mass. We found a change in the behaviour of the filter
mass as a function of redshift, which becomes flatter with
more intense primordial magnetic fields, as opposed to the
tendency of a decline of the filter mass with redshift, which
is observed in the absence of magnetic fields.
Our results are shown in figures 1–3. To see the effect
of a primordial magnetic field, let us examine its effect at a
specific redshift, for example z = zs − 1.
In figure 1, for zs = 11 and zr = 8 we find that the filter
mass increases from MF = 5.0 × 106 M⊙ for B0 = 0nG to
MF = 6.0× 107 M⊙ for B0 = 1nG and MF = 3.8× 108 M⊙
for B0 = 2nG. In figure 2, for zr = 8 we find that for zs = 12
that the filter mass increases from MF = 4.1 × 106 M⊙ for
B0 = 0nG to MF = 5.8 × 107 M⊙ for B0 = 1nG and
MF = 3.8 × 108 M⊙ for B0 = 2nG. In figure 3, for zs = 11
we find that for zr = 6 that the filter mass increases from
MF = 5.0 × 106 M⊙ for B0 = 0nG to MF = 6.0 × 107 M⊙
for B0 = 1nG and MF = 3.8× 108 M⊙ for B0 = 2nG.
The results of figures 1–3 are particularly important
for the formation of low mass galaxies. For example, for a
reionization epoch zs ∼ 11 and zr ∼ 7 and a homogeneous
primordial magnetic field B0 = 1nG, our results indicate
that galaxies of total mass M ∼ 5× 108 M⊙ need to form at
redshifts zF & 2.0 , and galaxies of total mass M ∼ 108 M⊙
need to form at zF & 7.7.
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